Abstract: This paper reports the use of near infrared (NIR) spectroscopy as a process analytical technology (PAT) tool for monitoring the metformin (N,N--dimethylimidodicarbonimidic diamide) hydrochloride and poly(vinyl pyrrolidone) (PVP) mixing process, which is the first stage in tablet production. Blend homogeneity was tested using the non-invasive NIR spectroscopy method and the partial least squares (PLS) regression model was applied for the analysis of the obtained spectra. Simultaneously, the critical parameter (metformin hydrochloride content) was monitored by a classical analytical technique, the validated HPLC method, commonly used for this purpose. Based on the high sensitivity of the model developed in this study, as well as the established correlation among the results obtained by different methods, it could be concluded that the proposed rapid and non-invasive technique could be an effecttive tool for the monitoring of one of the critical manufacturing steps in the production solid dosage forms.
INTRODUCTION
Process analytical technology (PAT) is defined by the United States Food and Drug Administration (FDA) in the document Guidance for Industry: PAT -A Framework for Innovative Pharmaceutical Manufacturing and Quality Assurance as "a system for designing, analyzing, and controlling manufacturing through timely measurements (i.e., during processing) of critical quality and performance attributes of raw and in-process materials and processes with the goal of ensuring final product quality". 1 
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Near infrared (NIR) spectroscopy has gained wide acceptance in the agricultural, food and petrochemical industries as a powerful, non-destructive analytical technique. It is an important component of a PAT toolbox, and is the key for enabling Real-Time Release of pharmaceutical tablets. The main advantages of NIR spectroscopy are its rapidity and reliability for on-line and in-line analyses of different products and materials. 2 Recently, NIR spectroscopy has found increasing use in pharmaceutical analysis for the identification and quality testing of raw materials, 3, 4 the monitoring of blending, 5 granulation, 6 moisture content, 5 active substance content, [7] [8] [9] roller compaction, 10 drying operations 11 and many other applications. 12 The preparation of a uniform blend prior to tableting or encapsulation is one of the most important steps in the production of solid dosage forms. Among the various techniques that are applied for this purpose, one-pot processing is a term that includes any technology that combines different unit operations of a pharmaceutical production process into one machine. It is the production of pharmaceutical granules using a wet granulation process in which dry mixing, liquid addition, wet granulation, drying and sizing of the granules are all performed in the same processing vessel. 13 The concept of a single pot processor is to ensure continuous processing. Usually, the determination of homogeneity of a powder blend requires stopping the production process, taking samples and its analysis by some of the most commonly used analytical methods (UV/Vis, HPLC, etc.), which are time-consuming. As most of pharmaceutical excipients and active pharmaceutical ingredients (APIs) absorb IR radiation, NIR spectroscopy may be used for drug content determination in order to define the mixing time end-point. In contrast to the conventional methods, NIR spectroscopy in combination with chemometric analysis is an easy, fast and non-destructive analytical technique for quantification of active ingredients in solid samples.
The assay methods for metformin (N,N-dimethylimidodicarbonimidic diamide) hydrochloride in a powder blend were either HPLC, [14] [15] [16] gas chromatography, 17, 18 NMR spectrometry, 19 and UV-spectroscopy 20 In contrast to these conventional methods that depend, predominantly, on sample dissolution in a suitable solvent, NIR spectroscopy combined with chemometrical programs have high potential to measure major active ingredients in solid samples. [21] [22] [23] [24] The aim of this study was to develop a reliable NIR spectroscopic method for monitoring the mixing phase, the first critical step within the manufacturing process of immediate release tablets containing metformin hydrochloride as the active substance. The main goal of this work was to introduce this non-destructive method for the routine monitoring of the tablet production process based on the established correlations with the classic analytical technique commonly used for this purpose. 
EXPERIMENTAL

Materials
The following substances were used for the preparation of the blend mixture: metformin hydrochloride (Harman Finochem LTD, India) and poly(vinyl pyrrolidone) (PVP, Kollidon ® 25, BASF, Germany).
Methods
NIR spectroscopy. The NIR diffuse reflectance spectra were obtained using a Thermo--Nicolet Antaris instrument with an integrating sphere module and an InGaAs detector. The spectra were recorded in the range from 10000 to 4000 cm -1 with an 8-cm -1 resolution, 16 scans and a one-minute collection time of.
In order to develop a calibration model for the uniformity of blend prediction, a series of calibration samples was prepared (Table I) . Each mixture was measured three times and 48 calibration spectra were recorded. NIR spectra of pure metformin hydrochloride and PVP were also measured. The effectiveness of the calibration model was evaluated by three independent validation blends (Table II) . UV/Vis detector (Agilent 1100 HPLC, USA). Separation was achieved on the Kinetex column (100 mm×4.6 mm, 2.6 μm). The following parameters were used for the analysis: injection volume 20 μl, flow rate 1.5 ml min -1 , detection wavelength 200 nm, with a mobile phase containing 0.09 % (w/V) sodium hexanesulfonate, 5 vol. % acetonitrile and 95 vol. % dilute phosphoric acid (0.1 mass %). HPLC-grade water was used as the solvent. The precision and accuracy of the method were determined. The relative standard deviation (RSD) of the results for the six simultaneously prepared samples was 0.23 %, the mean value for the recovery of nine prepared samples was 99.79 % and standard deviation (SD) was 1.73 %.
Data analysis
Quantitative calibration models were built with partial least squares (PLS) regression using the least squares algorithm. The goal of PLS regression is to establish a linear relationship between the two matrices, spectral data (X) and reference values (Y). Both X and Y were modeled in order to determine the variables in the X matrix that would best describe the Y matrix. 25 The objectives were to model the X-and Y-matrix first, and then to predict Y from X according to the equations:
where 1x′ and 1y′ represent the variable averages and originate from the preprocessing step. The information related to the observations was assumed in the scores-matrices T and U. The information related to the variables is stored in the X-loading matrix P′ and the Y-loadings matrix C′. The variation in the data was neglected in the modeling from the E and F residual matrices. The PLS regression method was applied by using the TQ Analyst software package (Thermo Nicolet, USA). The quality of the models was assessed in terms of the root mean square error of the calibration (Eq. (3), RMSEC):
where , i iz Y is the measured parameter, ˆi Y is the predicted parameter and N is the number of samples for the data set under consideration. During the calibration step, full cross validation (leave-one-out) was applied to the calibration data set and the root mean square error of the cross validation (RMSECV) was obtained for the calibration model (Eq. (4)):
In order to determine the number of principal components, the PRESS function was used: 
where ,iz i Y is the measured parameter, ˆi Y is the predicted parameter, and N is the number of samples for the validation data set.
This parameter defines the contribution of each new introduced principal component to the definition of the dimensions of the statistical model.
Preparation of the blend mixture in production
The blend mixture was prepared by the initial feeding and mixing of metformin hydrochloride and PVP (in the mass ratio 90:10) in a vacuum processor (Roto Cube 600, IMA, Italy) at a mixer speed of 100 rpm and a chopper speed of 700 rpm. The samples were taken from the top, middle and bottom (6×2 g) of the mixer after 5, 10 and 15 min of mixing in order to determine the endpoint when the blend homogeneity was achieved.
RESULTS AND DISCUSSION
Representative NIR spectra of pure metformin hydrochloride, PVP and their blends are shown in Fig. 1 . The NIR spectra of the investigated powder blends indicated that the absorption bands the amino and imido groups of metformin hydrochloride, with peak maxima around 4761, 5924, 6570 and 9600 cm -1 (overtones), were associated 5 The spectral range and the number of PLS factors are the two most crucial parameters in the PLS regression process. 27, 28 Based on the absorption features observed in the NIR spectra, the two spectral ranges chosen to establish the calibration model were: 5980-5650 cm -1 and 5200-4935 cm -1 .
The peak maxima in the first region are related to metformin hydrochloride imido groups. The absorbance peak of PVP that appears in the second region enables the creation of the characteristic model for determining the amount of the polymer present in the mixture. The spectra of seventeen calibration samples containing different ratios of the studied components are shown in Fig. 2 . Based on the obtained results, it could be seen that the peaks were shifted due to the variations in the composition of the calibration mixture. The calibration and cross-validation regression parameters and the numbers of the principal components in the PLS method, without data pre-treatment, are given in Table III. The coefficient of correlation was higher than 0.995, indicating that the established model, with four PLS components, was linear. The lower coefficient of correlation for cross-validation could be attributed to the estimated limit values (mixture of 30 and 70 mass % of PVP and metformin hydrochloride, respectively). The value of this mixture was estimated from the model that was formed over the other sample calibration spectra. In this case, the probability that the linearity of the model was lower is increased, resulting in the consequential increase of the difference between the estimated and actual values, which ultimately results in a slightly lower correlation coefficient.
The results predicted by the NIR method and then checked by the HPLC method for the validation blends are given in Table IV. respectively (Table IV) . A paired t-test statistical comparison at the 95 % confidence level indicated no differences between the results obtained with the two methods. The accuracy and precision of the calibration model were proven based on the obtained results.
The estimated calibration NIR model and HPLC method were used to measure the amount of metformin hydrochloride in the mixture produced in the vacuum processor (production batch). Comparative data obtained by NIR and HPLC analysis are given in Table V . Based on the obtained data, it could be seen that a homogenous mixture, with a drug content within the range from 95 to 105 % of the theoretical value, was obtained after five minutes of mixing. The difference between the two tested methods for the first set of samples was slightly higher than those for the other two (the samples taken after 10 and 15 min of mixing). This could be attributed to higher sensitivity of the NIR method due to the amount of sample that was exposed to the radiation during spectra collection, which was tens of times higher compared to the amount of sample that was dissolved for the HPLC analysis (ca. 30 mg). After the second and the third sampling, the differences between the two methods were lower, which is further confirmation that the calibration model created for a metformin hydrochloride concentration range between 70 and 100 mass % will give reliable results in the analysis of metformin hydrochloride -PVP mixtures.
With regard to defining the final time point of mixing, it could be concluded that homogeneity was achieved after five minutes, which was expected since blending was conducted in a vacuum processor at high mixer and chopper rotation speeds, which enabled homogeneous distributions of the active ingredient to be obtained.
CONCLUSIONS
An NIR spectroscopic method with chemometric analysis was created using the PLS regression model in order to determine the homogeneity of powder mixtures. The calculated results agreed well with those obtained by the HPLC reference analytical method. As a rapid and non-invasive technique, the NIR method reduces sampling errors and provides the possibility of end-point determination, leading to a potentially significant improvement over the conventional analytical methods. Additional work on the implementation of the NIR method in the other phases of tablet production of metformin hydrochloride (granulation, compression) should be realized in order to assure its application for monitoring the entire manufacturing process.
